Carbon nanotubes provide a unique system to study one-dimensional quantization phenomena. Scanning tunneling microscopy is used to observe the electronic wave functions that correspond to quantized energy levels in short metallic carbon nanotubes. Discrete electron waves are apparent from periodic oscillations in the differential conductance as a function of the position along the tube axis, with a period that differs from that of the atomic lattice. Wave functions can be observed for several electron states at adjacent discrete energies. The measured wavelengths are in good agreement with the calculated Fermi wavelength for armchair nanotubes.
energy levels. Such discrete energy levels have been observed in transport experiments on individual nanotubes and ropes [2.,3.] . The electron wave functions corresponding to these discrete states can in principle be imaged by Scanning Tunneling Microscopy (STM). The well-known STM work on quantum corrals demonstrated the possibility to directly image wave patterns in the local density of states of a 2D metal surface [4. ]. Here, we apply this technique to map out the wave functions of single molecular orbitals in short metallic carbon nanotubes. Electronic wave functions are apparent from periodic oscillations in the low-bias differential conductance along the tube axis. To our knowledge, this is the first time that wave functions of discrete electron states have been imaged in a molecular wire.
Previous STM spectroscopy studies were done at a large (∼ 2 eV) energy scale to investigate the bandstructure of nanotubes [5.,6.] . These experiments confirmed the prediction [7.] that carbon nanotubes can be semiconducting or metallic depending on the tube diameter and the chiral angle between the tube axis and hexagon rows in the atomic lattice. In this paper we focus on the low-energy (∼ 0.1 eV) features of short metallic nanotubes which exhibit quantum size effects. Single-wall nanotubes with a diameter of about 1.4 nm were deposited on Au(111) substrates [5.,8.] . On most tubes we were able to obtain STM images with atomic resolution [5. ] which allows to determine the chiral angle and diameter of the tubes [9. ]. The nanotube of In the experiments reported here, the armchair tube of Fig. 1B was shortened to a length of about 30 nm. This was achieved by locally cutting the tube by applying a voltage pulse of +5 V to the STM tip at a position on the tube located 30 nm from its end [11.]. STM spectroscopy was then carried out near the middle of the short tube. I(V ) curves on the shortened nanotube show a step-like behavior ( Fig. 2A) , which we ascribe to quantum size effects. Steps in I(V ) correspond to quantized energy levels entering the bias window upon increasing the voltage. Current steps at a voltage V thus correspond to discrete electron states at energy E = E F + αeV , with E F the Fermi energy, e the electron charge, and can be approximated by the formula for a metallic wire parallel to a conducting plane, Discrete levels are probed at energies near the Fermi energy E F , and therefore the wavelength of the electron waves is close to the Fermi wavelength λ F . Electronic bandstructure calculations [1.,7.] for armchair tubes yield two bands near E F with a linear energy dis-
where h = h/2π, k = 2π/λ is the wave vector, and k F = 2π/λ F is the Fermi wave vector. In undoped nanotubes, the two bands cross at the Fermi energy where k = k F = 2π/3a 0 . This yields λ F = 3a 0 = 0.74 nm, independent of the length of the tube. For nanotubes on Au(111) however, E F is shifted away from the crossing point to lower energy by δE = 0.3 eV. This is due to charge transfer as a result of a difference in workfunction with the underlying substrate [5. ]. This shifts k F to k F ± δk with L.C. Venema et al. A short metallic nanotube resembles the textbook model for a particle in a 1D box. For a discrete energy state with quantum number n, the corresponding wavelength λ n = 2L/n.
The observed wavelength is much smaller than the tube length, in accordance with the fact that the number of electrons within one nanotube band is large (n ∼ 10
2 ). The wavelength will therefore vary only slightly (λ n /n ∼ 0.01 nm) for adjacent discrete energy levels in one band.
The measurements reported here are technically challenging because they require a large series of reproducible I(V ) curves. Occasionally, we were able to resolve some of the spatial structure in the wave function at a length scale smaller than the Fermi wavelength, as shown were obtained. Linear I(V ) spectroscopy curves on clean areas of the gold substrate demonstrated that the tip was free from any debris.
12.
The applied voltage is in principle divided into a part that drops over the tunnel gap and a part that drops between the nanotube and the substrate. The ratio α between these voltages is determined by the capacitance ratio. Because the capacitance between nanotube and substrate is much larger than that between the nanotube and the STM tip, the voltage will drop almost entirely over the tunnel gap, and accordingly α has a value close to 1.
